The MR1 antigen-presenting system is conserved among mammals and enables T cells to recognize small molecules produced by bacterial pathogens, including Mycobacterium tuberculosis (M.tb). However, it is not known whether MR1-mediated antigen presentation is important for protective immunity against mycobacterial disease. We hypothesized that genetic control of MR1 expression correlates with clinical outcomes of tuberculosis infection. We performed an MR1 candidate gene association study and identified an intronic single-nucleotide polymorphism (rs1052632) that was significantly associated with susceptibility to tuberculosis in a discovery and validation cohort of Vietnamese adults with tuberculosis. Stratification by site of disease revealed that rs1052632 genotype GG was strongly associated with the development of meningeal tuberculosis (odds ratio = 2.99; 95% confidence interval (CI) 1.64-5.43; P = 0.00006). Among patients with meningeal disease, absence of the G allele was associated with an increased risk of death (hazard ratio = 3.86; 95% CI 1.49-9.98; P = 0.005). Variant annotation tools using public databases indicate that rs1052632 is strongly associated with MR1 gene expression in lymphoblastoid cells (P = 0.004) and is located within a transcriptional enhancer in epithelial keratinocytes. These data support a role for MR1 in the pathogenesis of human tuberculosis by revealing that rs1052632 is associated with MR1 gene expression and susceptibility to tuberculosis in Vietnam.
INTRODUCTION
Mycobacterium tuberculosis (M.tb) is a pathogen of global importance that infects more than one billion people and causes more than one million deaths annually. 1 Several lines of evidence in human studies and animal challenge models underscore the importance of T cells in controlling M.tb infection. [2] [3] [4] [5] Most published studies have focused on secreted protein antigens that activate T cells when bound to polymorphic MHC (major histocompatibility complex) molecules. 6 However, human T cells have evolved to recognize both protein and nonprotein antigens produced by mycobacteria, and hence the potential catalog of antigens mediating protective immunity extends beyond the proteome of M.tb. [7] [8] [9] γδ T cells are activated by phosphorylated prenyl metabolites produced by M.tb through interaction with butorphylin molecules. 10, 11 CD1 molecules bind and present M.tb cell wall lipids to T cells. 7 Finally, mucosal-associated invariant T (MAIT) cells are activated in an MR1-dependent manner by M.tbinfected cells. 9, 12 The role of these nonpeptide antigen-presenting systems in the pathogenesis of human tuberculosis is largely unknown.
MAIT cells are a subset of 'innate-like' T cells that express a semiinvariant T-cell receptor and can be activated by vitamin B metabolites derived from bacteria when bound to the MHC class I-like related (MR1) molecule. [12] [13] [14] MAIT cells producing the cytokines interferon-γ and tumor necrosis factor-α have been shown to regulate protective immunity to pulmonary challenge with Francisella tularensis. 15, 16 MR1 knockout mice have a higher lung burden of Mycobacterium bovis BCG (Bacillus Calmette-Guérin) compared with wild-type mice, and this effect appears to be mediated by T cells expressing the canonical semi-invariant MAIT T-cell receptor. 17, 18 In healthy humans, MAIT cells are typically enriched in the lungs compared with peripheral blood and lymph nodes. However, in patients with pulmonary tuberculosis, MAIT cells are depleted in the peripheral circulation. 9, 19 One possible explanation for this finding is concomitant enrichment in the lungs, although this has not been directly demonstrated. Collectively, these data suggest that MR1-restricted MAIT cells may provide protective immunity against pulmonary bacterial infections.
MR1 is highly conserved among mammals; however, unlike MHC genes, MR1 shows low rates of genetic polymorphism that have not been associated with human disease. 20 We recently demonstrated that polymorphisms in CD1A, another nonclassical antigen-presenting molecule, are associated with functional deficiency of lipid antigen presentation to T cells and susceptibility to tuberculosis. 21, 22 Thus, we hypothesized that single-nucleotide polymorphisms (SNPs) in MR1 might also be associated with variation in function as well as clinical outcomes. We performed a candidate gene association study in Vietnamese adults and identified an intronic SNP (rs1052632) that is reproducibly associated with susceptibility to tuberculosis. The in silico analysis support a functional role for rs1052632 in MR1 gene expression. These data demonstrate a population genetics approach to complement ongoing efforts to understand the role of MR1-mediated antigen presentation in human tuberculosis.
RESULTS
We used a case-population study design to evaluate whether SNPs in MR1 were associated with the development of active tuberculosis disease in Vietnamese adults. We genotyped 8 haplotype-tagging SNPs spanning the MR1 locus in a discovery cohort of 351 cases and 392 population controls ( Figure 1 ). All SNPs were in Hardy-Weinberg equilibrium among control subjects (Table 1) . Polymorphisms rs12036052 and rs1052632 were significantly associated with the development of tuberculosis with a genotypic model (P = 0.007 and P = 0.024, respectively) ( Table 1 ). The data were consistent with a recessive model of inheritance. The minor homozygous genotype (GG) of rs1052632 was associated with susceptibility to tuberculosis with an odds ratio of 1.881 (95% confidence interval (CI) 0.93-3.92; P = 0.058). The minor homozygous genotype of rs12036052 was also associated with susceptibility to tuberculosis (P = 0.004), although the absence of controls bearing this genotype precluded calculation of an odds ratio. These data reveal rs1052632 and rs12036052 as candidate susceptibility loci within MR1 and suggest a recessive model of inheritance in a Vietnamese population.
To confirm these associations, we genotyped rs1052632 and rs12036052 in a validation cohort of 343 cases and 368 controls. We did not find an association between rs12036052 and susceptibility to tuberculosis in either a genotypic or recessive model analysis ( Table 2 ). We confirmed the association of the minor homozygous genotype of rs1052632 in a recessive model analysis (odds ratio = 3.93; 95% CI 1.89-8.8; P = 0.00005; Table 2 ). These data identify rs1052632 as an intronic SNP in MR1 that is reproducibly associated with susceptibility to tuberculosis in Vietnam.
Next, we evaluated whether rs1052632 was associated with clinical subtypes of tuberculosis, either pulmonary or meningeal disease. We combined cases from the discovery and validation cohorts and included an additional cohort of 450 pulmonary tuberculosis patients. We did not find an association between rs1052632 and pulmonary tuberculosis in either a genotypic or a recessive model (P = 0.235 and P = 0.107, respectively; Table 3 ). On the other hand, rs1052632 showed a significant association with meningeal tuberculosis in both a genotypic (P = 0.008) and a recessive model (odds ratio = 2.99; 95% CI 1.64-5.43; P = 0.0001; Table 3 ). These data highlight the preferential association between an MR1 SNP and tuberculous meningitis in Vietnamese adults.
The strong association between rs1052632 and tuberculous meningitis led us to investigate whether this SNP might also be associated with mortality from this severe subtype of tuberculosis. We found that rs1052632 was associated with death in patients with tuberculous meningitis (P = 0.009); however, this risk was limited to individuals carrying the common AA genotype (Figure 2a ). In other words, individuals carrying the minor G allele that was associated with increased susceptibility to tuberculosis were relatively protected from death from tuberculous meningitis. This association was still significant even after adjusting for disease severity as measured by the British MRC (Medical Research Council) grade (hazard ratio = 3.23; 95% CI: 1. 25-8.40 ; P = 0.016 by Cox proportional hazards regression). We hypothesized that specific cellular mechanisms active in the cerebrospinal fluid (CSF) might be responsible for this observation. We found no association between rs1052632 and inflammatory cell counts, glucose, lactate or protein levels in the CSF (data not shown). We examined associations between rs1052632 and nine cytokines in the CSF (Supplementary Figure 1 ). We found that the common AA genotype was associated with higher interleukin-10 concentrations (P = 0.037; Figure 2b ), suggesting an increased antiinflammatory response in those individuals at increased risk of death from tuberculous meningitis. However, this association was not statistically significant after correcting for multiple hypothesis testing (false discovery rate = 0.33). Thus, the association between rs1052632 and death from tuberculous meningitis in a dominant model suggest cellular mechanisms that differ from those underlying susceptibility to meningitis.
To further explore the functional basis for the association between rs1052632 and tuberculosis, we used the variant annotation tools HaploReg and RegulomeDB to query whether this intronic SNP was itself causal or in high linkage with another SNP of known functional importance. 23, 24 Within the CHBJPT subjects sequenced as part of the 1000 Genomes Project, we found six other SNPs in strong linkage with rs1052632 that were within 5 kB, thus defining a haplotype block (Table 4 ). SNPs were ranked according to the likelihood they regulated MR1 gene expression based on publically available annotation data including the ENCODE and Roadmap Epigenomics Projects. [25] [26] [27] This analysis showed that rs1052632 itself was most likely the causal SNP. Indeed, rs1052632 is an expression quantitative trait locus for MR1 expression in lymphoblastoid cells in all three of the original HapMap populations (Figure 3a ). Furthermore, rs1052632 is located within a DNase hypersensitivity site as well as the activating histone marks H3K4me1 and H3K27ac, suggesting its Abbreviations: CI, confidence interval; CTRL, controls; HWE, Hardy-Weinberg equilibrium; OR, odds ratio; SNP, single-nucleotide polymorphism; TB, tuberculosis. We genotyped rs12036052 and rs1052632 in a validation cohort of 343 cases and 368 controls. Analysis was performed as described for the discovery cohort. ORs and unadjusted P-values of significance are in italics. Abbreviations: CI, confidence interval; CTRL, controls; HWE, Hardy-Weinberg equilibrium; OR, odds ratio; PTB, pulmonary tuberculosis; SNP, single-nucleotide polymorphism; TBM, meningeal tuberculosis. We combined the discovery and validation cohorts and included an additional 450 subjects with pulmonary tuberculosis. We analyzed the association of rs1052632 with either PTB or TBM using both genotypic and recessive models. ORs and unadjusted P-values of significance are in italics.
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role as a transcriptional enhancer (Figure 3b ). This is further supported by chromatin immunoprecipitation sequencing data showing binding with the transcription factor BRG1. 28 Collectively, these data reveal the likely role of rs1052632 in directly regulating MR1 gene expression.
DISCUSSION
The discovery that MAIT cells respond to vitamin metabolites presented by MR1 molecules significantly expanded the catalog of bacterial T-cell antigens, but the importance of this observation for human disease pathogenesis is still not clear. We found that rs1052632, an intronic SNP within MR1, was associated with susceptibility to tuberculosis in a discovery and validation cohort of Vietnamese adults. We also found that this SNP is associated with MR1 expression in lymphoblastoid cells and lies within a cisregulatory region in epidermal keratinocytes, supporting its role in regulating MR1 expression and modulating the response of MAIT cells. These data demonstrate the utility of a population genetics approach to understanding the role of MR1-mediated antigen presentation in human tuberculosis. The strengths of this study include a large sample size, the use of separate discovery and validation cohorts, the analysis of both pulmonary and meningeal tuberculosis and the availability of clinical data including mortality outcomes. Possible limitations include the use of cord blood controls as some of these individuals are likely to develop tuberculosis as adults and will be misclassified as controls. However, misclassification of controls would indicate that the associations reported here underestimate the true genetic risk.
We demonstrated an association between the minor GG genotype and increased susceptibility to meningeal tuberculosis, but the risk of death in patients with meningeal tuberculosis was significant only in those carrying the common AA genotype. This suggests that different mechanisms may govern susceptibility compared with mortality. Higher MR1 expression levels associated with rs1052632 GG may lead to increased antigen presentation and activation of MAIT cells that have been shown to protect against pulmonary bacterial infections in mouse models. 15, 16 However, activation of MAIT cells may increase inflammation and paradoxically allow for the dissemination of infection to the CNS. In a zebrafish model of tuberculosis, extrapulmonary infections were mediated by macrophages that respond to inflammatory signals, migrate to the site of infection and serve as Trojan horses to carry the bacteria to other sites. 29 In contrast, MR1-mediated inflammation associated with the G allele may protect against death from meningitis by promoting successful bacterial clearance, possibly through inhibition of interleukin-10 production as has been previously demonstrated. 30, 31 Recent data examining the role of MAIT cells in multiple sclerosis provide additional context for our findings. MAIT cellspecific T-cell receptor-α rearrangements (Vα7.2-Jα33) have been detected in autopsy lesions from multiple sclerosis patients and from the CSF of patients experiencing relapses. 32 CD8+CD161++ T cells are detected in post-mortem biopsies in multiple sclerosis patients within perivascular cuffs and chronic active lesions, supporting a role in the pathogenesis of this inflammatory central nervous system disease. 33 In a murine model of multiple sclerosis, mice transgenic for the MAIT cell-specific T-cell receptor-α chain (iVα19) were relatively protected from disease incidence and severity, and this was confirmed using MR1 knockout strains. 34 The mechanism of protection in this study was partly because of the increased production of interleukin-10 by B cells via ICOSmediated help from MAIT cells. Similar mechanisms may underlie the association between rs1052632 and death from tuberculous meningitis reported here.
Our data support transcriptional regulation of MR1 as potentially important for clinical outcomes of tuberculosis infection. Yet, published studies to date have focused on trafficking as the major mechanism by which MR1 expression is regulated. MR1 transcript is detected in multiple tissues, but cell surface expression is very low in the absence of infection. Recent data demonstrate that MR1 is retained in the endoplasmic reticulum until ligand binding occurs, at which time functional MR1 is rapidly transported to the Figure 2 . rs1052632 is associated with mortality from tuberculous meningitis and CSF interleukin-10 (IL-10) concentration. (a) Survival analysis was used to determine the association between rs1052632 and death among 255 patients with meningeal tuberculosis. The Kaplan-Meier curve demonstrates a statistically significant association with the A/A genotype (P = 0.009 by log rank test). (b) CSF IL-10 concentrations were determined using Luminex and general linear regression was used to determine the association with rs1052632 in patients with meningeal tuberculosis (TBM) (P = 0.037; false discovery rate = 0.33). Abbreviations: eQTL, expression quantitative trait locus; LD, linkage disequilibrium; TF, transcription factor. HaploReg was used to identify common SNPs in high LD with rs1052632. The rsID, position, distance, LD as measured by r 2 and frequency in 1000 Genomes Phase I Asian subjects (ASN) is shown. These SNPs were analyzed in RegulomeDB and scored based on the strength of evidence that the single-nucleotide polymorphism (SNP) lies within a regulatory DNA element. The supporting data summarizing this evidence include eQTL, transcription factor binding by chromatin immunoprecipitation sequencing (Chip-Seq; TF binding), predicted transcription factor binding by position weighted matrix (any motif ), DNase hypersensitivity site (DNase peak) or Other.
cell surface. 35 This has also been demonstrated during M.tb infection using airway epithelial cells. 36 Future studies demonstrating an association between rs1052632 and MR1 expression in cells originating from human lung could provide a cellular basis for the clinical associations reported here.
MAIT cells can become activated as a result of both MR1dependent and MR1-independent stimuli. 9, 37 Our data suggest that SNPs in MR1 may affect expression at the site of disease, thus directly affecting antigen presentation. Studies of airway epithelial cells as nonlymphoid targets of M.tb infection and mediators of MR1 antigen presentation to MAIT cells could provide the experimental context to confirm in silico findings in keratinocytes reported here. 38 Another possibility is that SNPs in MR1 may affect the response to inflammatory stimuli, as we have recently shown for CD1A. 22 SNPs directly regulating MR1 expression could influence MAIT cell development and maturation in the thymus. Thus, we might expect that SNPs are associated with the frequency of MAIT cells in the peripheral blood, and future studies are designed to answer this question. If confirmed through mechanistic studies, impaired antigen presentation would be a plausible biological mechanism for the association between SNPs in MR1 and susceptibility to tuberculosis.
MATERIALS AND METHODS

Human subjects
Details of clinical characteristics and enrollment criteria for Vietnam study subjects have been previously published. 39 Population controls were enrolled at Hung Vuong Hospital in Ho Chi Minh City, Vietnam, where umbilical cord blood was collected from newborns. Subjects with pulmonary tuberculosis were recruited from a network of district tuberculosis control units and defined by typical clinical symptoms in addition to sputum smear positive for acid-fast bacilli and/or culture positive for M. tuberculosis. Subjects with meningeal tuberculosis were classified as definite or probable. All cases in the discovery cohort had definite meningeal tuberculosis with clinical meningitis and either positive Ziehl-Neelsen stain for acid-fast bacilli or positive M. tuberculosis culture from CSF. The validation cohort included subjects with both definite (N = 54) and probable (N = 73) meningitis defined as clinical meningitis plus one or more of the following: chest radiograph consistent with active tuberculosis, acid-fast bacilli found in any specimen other than CSF and clinical evidence of extrapulmonary tuberculosis at an additional site. All case and control participants were unrelated and 495% were of the Vietnamese Kinh ethnicity.
Ethics
Written, informed consent was obtained from patients or their relatives if the patient could not provide consent. Parents provided consent for cord blood controls. All protocols were approved by human subject review committees at Pham Ngoc Thach Hospital for Tuberculosis, the Hospital for Tropical Diseases, Health Services of Ho Chi Minh City and Hung Vuong Hospital in Vietnam as well as the Oxford Tropical Research Ethics Committee and the University of Washington.
Selection of SNPs for genotyping
We used data from the International Haplotype Mapping Project (www. hapmap.org, version 3, release 2) to select SNPs within MR1 from the Han Chinese in Beijing, China (CHB) or Japanese in Tokyo, Japan (JPT). We previously demonstrated similar genome-wide haplotype frequencies between Vietnam and CHB/JPT populations, thus validating this approach. 40 Eleven haplotype-tagging SNPs with a R 2 cutoff of 0.80 for linkage disequilibrium were identified using Haploview v4.2 (www.broad. mit.edu/haploview). Three of these SNPs (rs12060051, rs17374514 and rs6667601) were monomorphic in our study population and not analyzed further.
Genomic techniques
Genomic DNA was prepared from peripheral blood (Qiagen, Germantown, MD, USA). Because of limiting quantities, genomic DNA from cases in Vietnam was amplified using Repli-G (Qiagen). Multiplex genotyping in the discovery cohort was performed using allele-specific primer extension on the MassARRAY (Sequenom, San Digeo, CA, USA) platform. Genotyping in the validation cohorts was performed using MassARRAY and the Illumina (San Diego, CA, USA) GoldenGate platforms. In all cohorts and platforms, automatic call rates exceeded 93% and o3% of calls were assigned manually. All SNPs were in Hardy-Weinberg equilibrium among control subjects, effectively ruling out errors in genotyping. We have previously demonstrated a lack of population stratification in this cohort. 39, 40 Statistics Statistical analyses were performed using Stata Statistical Software: Release 11 (StataCorp LP, College Station, TX, USA). Function 'pwld' was used to calculate R 2 measurements of linkage disequilibrium between polymorphisms. SNPs were assessed for association with tuberculosis using 'genassoc'. 41 
